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- SECTION 1
INTRODUCTION
'' '
1.1 Objective
: The objective of the work described in this report is to design,
develop and fabricate a "visual-display" aid to air navigation, the display
will locate an aircraft on a standard navigational chart when activated by
two independent directional signals. A prime consideration is to make the
display sufficiently inexpensive to encourage its wide spread use in private
as well as commercial aircraft.
.1.2 Display Concept
The display, shown in Figure 1.1, will comprise a radial pattern of
electrically conductive line pairs, liquid crystal material contained
between the line pairs, and addressing and activating electronics. The
display will be placed over a standard aircraft map and centered on an
appropriate VOR station. The VOR signals will be processed to produce the
address of the radial line pair most closely corresponding to the VOR
station direction. A voltage will be applied to the addressed line pair
and the liquid crystal will respond by becoming milky-white. Since the
liquid crystal between the other line pairs will remain transparent the
VOR station direction will be clearly indicated by the selected line pair.
Positional data will be obtained by placing two radial patterns on the map
and observing the intersection of the two selected pairs.of radial lines.
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1.3 Scope of Program " -.
The scope of the program described in this report included the design
/'
and fabrication of a liquid crystal display, but did not include the design
of the electronics. Demonstration models were fabricated from available
liquid crystal materials; however, no attempt was made to synthesize liquid
crystals. The program also included a study of the stability of liquid
crystal cells. "
A continuation of this grant has been provided to develop the required
electronics and fabricate an operational display.
1.4 Program Organization
The work described in .this report was performed at Drexel University in
the graduate research laboratories of the Physics and Electrical Engineering
Departments including: Professor Lord's laboratory in Disque Hall; Professor
Herczfeld's semiconductor laboratory in Stratton Hall; and Professor
Matcovich's microelectronics laboratory in Stratton Hall. Three faculty
members and four students were engaged in this work. The names of the
participants and the fraction of their time assigned to the program are
given in Appendix A.
<-~
1.5 Summary of Results • -
Sample quantities of four commercially available, room-temperature
nematic liquid crystals were purchased. The contrast ratio obtainable
with all these materials were comparable, but two had significantly longer
lifetimes. Some samples still on test have operated continuously for over
15 weeks. . "
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The liquid crystals were life tested in cells made from different
electrode materials; gold, copper, aluminum, tin oxide and indium oxide
electrodes were used. Higher contrast ratios were consistently measured
for cells made with gold electrodes. This is apparently due to a tendency
of the liquid crystal molecules to align perpendicular to the gold surface.
The failure rate for cells made from copper electrodes was much higher
/•
than that for cells made from other electrode materials.
Cells operated on dc voltage failed in very short periods of time;
the use of ac excitation voltages is essential to long cell life.
The visibility of liquid crystal filled lines was studied. Lines
should be 20 to 30 mils wide for good visibility. Pulsed operation at
a few cycles-per-second significantly improved visibility. Use of a
reflective backing also improved visibility.
Several line geometries were studied. These included parallel
configurations (light direction parallel to E field) and perpendicular
configurations (light direction perpendicular to E field). An edge
configuration' which was designed for ease of fabrication was also
evaluated. The parallel configuration worked well but had fabrication
and material problems. The perpendicular configuration had lower con-
trast and required higher operating voltage, but was easier to fabricate.
The edge configuration had such poor visibility that its development was
discontinued.
Experiments were performed to determine the optimum cell dimension
for the parallel and perpendicular configurations. Optical path lengths
of 1/4 to 1/2 mil appear optimum. Electric field requirements are
—60 volts/mil.
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Display models were designed in both the parallel and perpendicular
. - ' • ' " ~ f
configurations. A full-scale, non-operative perpendicular display model
will be delivered to NASA. An operative, 4-inch-long line from this dis-
play will also be delivered and demonstrated. This model will include a
cover sealed in place.
In supporting work, the staff arranged two seminars on liquid crystals
at Brexel and attended three conferences. The details of these activities
a^re -given in Appendix B. A literature -search was also made and a
Bibliography is contained in this report.
• -. ... •...- , -5- . .' . _ ' . . . • "• . . .
...- SECTION 2
BASIC DISPLAY CONFIGURATION
' ' / • ' - •
.The two basic configurations for the liquid crystal cells are
described in Sections 2.1 and 2.2. In both cases the liquid crystal
is contained between conductive electrodes and the electric field, E,
due to the applied voltage is perpendicular to the electrodes. An
alternate configuration which was evaluated is described in Section 2.3.
2.1 Parallel Configuration
In the parallel configuration shown in Figure 2.la the direction of
the incident light is essentially parallel to the electric field. At least
one of the conductive electrodes used in this configuration must be trans-
parent. If the dynamic scattering phenomenon is to be observed by reflected
light, the back electrode should be highly reflective. If the phenomenon is
to be observed by transmitted light both electrodes must be transparent. The
optical path length, d, is related to the electric field, E, through the
relationship; E » V/d where V is the applied voltage.
2.2 Perpendicular Configuration
In the perpendicular configuration shown in Figure 2.1b the direction
of the incident light is essentially perpendicular to the electric field.
In this configuration transparent electrodes are not required and the
optical path length is independent of the electrode spacing. A highly
reflecting surface must be placed in the light beam if scattering is to
be observed by reflected light.
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In both configurations the resistivity of the liquid crystal cell
is very high (-109 ohm-cm) and only small currents flow when the voltage
is applied. Although small, this current is essential to the operation
of the cell and the physical design must reflect this requirement.
2.3 Edge Configuration
An alternative configuration is shown in Figure 2.2. The geometry
'was chosen because it was potentially easy to fabricate. The. two upper
electrodes are held at the same potential and the lower electrode at a
different potential. The electric field is strongest along the edge
and predominantly parallel to the direction of the incident light. Scat-
tering occurs primarily in the vincinity of the edges. Experimental data
indicate that the extent of the scattering area is so small that the
visibility of the line is poor. Consequently, efforts to develop this
configuration have been terminated.
' ' . . - - 7 - ' • • • ' . . - • ' . - • . . - •
SECTION 3
MATERIALS
' ' •
3.1 Liquid Crystals
Nematic type liquid crystals were used in this study. These
materials, which are normally transparent, become milky-white when a
field is applied due to the "dynamic scattering" of the incident light.
"Several companies supply liquid crystals on a commercial basis. Most of
h^e-^ available nematics are in the liquid crystal state a temperatures
above the normal ambient; however, four were available which did function
at normal room temperature. Several others became available toward the
end of this study period and will be evaluated in the continuation program
-(see Section 5). The available room temperature nematic liquid crystal
materials are listed together with the suppliers in Appendix C.
Criteria for liquid crystal quality are contrast, operating voltage,
stability and cost. The more recently evaluated samples appear to be more
stable (Section 5) and the newer materials have a wider operating temper-
ature range. Materials with operating voltages below 20 volts have been
reported in the literature but are not commercially available. The con-
trast ratio does not vary significantly between materials (Section 6) but
"^Performance Characteristics of Nematic Liquid Crystal Display Devices,"
L.T. Creagh, A.R. Kinetz.and R.A. Reynolds, IEEE Trans, on Electron Devices,
'Vol. ED-18, No. 9, pp. 672-678, (September 1971).
"Deformation of Nematic Liquid Crystals with Vertical Orientation in
Electric Fields," M.F. Schiekel and K. Fahrenschon, Appl. Phys. Letters,
Vol. 19, pp. 391-393 (1971).
"Effects of Additions of Cholesterics on Nematic Liquid Crystal Properties,"
B. Kerllenevich and A. Coche, J. Appl. Phys., Vol. 42, pp. 5313-5315 (1971).
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can be substantially affected by other aspects of cell construction.
Although expensive when purchased in small quantities, liquid crystals
are basically inexpensive.
3.2 Substrates, Covers and Conductors
• Plastic substrates are used in all display models and some test
I: . ' ' - . - - •
samples; glass substrates are used in the other test samples. Transparent
,i
\. • • - •
conductive substrates are available from several companies. Corning
supplies tin oxide coated "Nesa" glass, PPG supplies indium oxide coated
"Nesaton" glass and Liberty Glass supplies gold coated glass and plastic.
The plastic is transparent and felxible. Since the liquid crystal cell
resistance is high, the electrode resistivity need not be low; all the
materials noted have adequate conductivity. The transparent conductors
must be etched in some applications. The tin oxide coating which is fired
on is very stable and difficult to etch; the indium oxide coating which is
sputtered on is less stable and easily etched in HC1. The gold coating is
made very thin to retain transparency and is easily etched.
Transparent, flexible substrates with thick (opaque) layers of metals
are used in the display models and are available from a large number of
suppliers. The criteria for the quality of a conductor clad substrate
include transparency of the base, adhesion of the metal, compatibility
with liquid crystals, etchability of both base and metal, dimensional
stability, availability and cost. The base material is either Kapton,
Mylar or polyester and ranges in thickness from one-tenth to several mils.
Kapton and Mylar can be etched to form channels and this property is used
-9-
in several of the display designs. The conductor material is typically
o .
copper or aluminum and may be from 1000 A to several mils in thickness.
Adhesives are frequently used to attach the thicker conductor layers to
the plastic. These can be used only if the liquid crystal does not con-
tact the adhesive since the subsequent interaction adversely affects the
crystal properties. Thick copper layers can also be obtained by electro-
plating thin layers; however, the usable thickness is limited since thick
electroplated layers are usually under high stress. When narrow copper
lines are etched the stresses cause "puckering" of the flexible base
material. Most metals can be easily etched to form narrow conductor
patterns; however, metal adhesion becomes very important when long narrow
lines are formed on large flexible substrates. Peeling is a common problem.
Materials with adequate adhesion are available, but many commercial pro-
ducts fail under these conditions. This will be a problem in quality con-
trol since nominally identical samples from the same manufacturer will
show great variation in adhesive properties.
3.3 Processing Materials
A variety of commercial processing materials have been used in this
study. These include; photoresists, developers and strippers: etchant
baths for copper, aluminum, chromium and gold: plating baths for copper
nickle and chromium: filters for the photoresist: cleaning detergents:
and masks. These materials are in common use in the hybrid and integrated
circuit industries and are available from a large number of suppliers. A
partial listing of suppliers is given in Appnedix D.
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SECTION 4
OPTIMIZATION OF PARAMETERS '
The critical operating parameters are visibility and operating
voltage. Both depend on the cell geometry and mode of operation.
fs
4.1 Voltage and Spacing -
.The optimum voltage and electrode spacing to be used in parallel
and perpendicular configuration cells was determined by measuring the
physical contrast ratio as a function of voltage for cells of different
geometries. The physical contrast ratio was measured with the equipment
shown in Figure 4.1 and is .defined as:
I
C.R. - — for transmitted light
v
and
;R.~- ~ for reflected light
where IQ is the transmitted (reflected) light intensity with V - 0
Iy is the transmitted (reflected) light intensity with V J 0
and V is the potential applied to the liquid crystal cell.
4.1.1 Parallel Configuration
Liquid crystal cells of the parallel type were studied to
optimize the cell parameters. The transparent cell electrodes were made
-11-
from Nesatron glass and the liquid crystal was Eastman's MBBA No. 11246.
Mylar spacers were used to set the interelectrode spacings of 6.3( 12.7
and 30y.
The transmitted-light physical contrast ratio was measured with
the apparatus shown in Figure 4.la. The transmitted light contrast
ratio was measured as a function of voltage with and without the polarizer •
and analyzer. Sinusoidal excitations at frequencies of 60, 200, 600, 800
and 1000 Hz were applied in addition to dc. These data are shown in
Figures 4.2 through 4.4. Best results are obtained for applied fre-
quencies between 0 and 400 Hz. The contrast ratio increases nearly
linearly with applied voltage but shows some tendency to saturate at
higher voltages. The near linear dependency precludes the coincident
~ voltage selection of cells in arrays. In Figure 4.5 the contrast ratio
/ •
is shown as a function of thickness for a fixed applied voltage of 80 volts.
Maximum scattering occurs at a thickness of about 12u (1/2 mil). The con-
trast ratio does not decrease substantially when the frequency of the
applied voltage is raised to 400 Hz.
A simple model can be proposed to explain the existence of the
observed scattering maximum. For small thicknesses the electric field
is large and the number of scattering centers per unit length is large;
however, the path length through the material is short. As the thickness
is increased the path length increases but the density of scattering
centers decreases due to the decreased field strength. For thickness
less than 12y, the effect of increased path length dominates and scattering
increases with thickness. For thickness over 12|j the decrease in density
more than compensates for the increased path length and the scattering
decreases.
X - . . . • • - ' -12- - , • • • • ' - - - -
-v,
The transmitted light contrast ratio obtained with polarized light
is nearly twice that obtained with unpolarized light. These data were
taken with the optical axis of the analyzer parallel to that of the
polarizer. The results suggest that the scattering causes nearly com-
plete depolarization of the incident light. For this condition the
analyzer will reduce the intensity of the scattered incident beam by a
factor of two but will not affect the intensity of the unscattered beam.
The reflected light contrast ratio was also measured as a function
of voltage. The apparatus used is shown in Figure 4.1b; a laser beam
light source was used and the beam made an angle of 30° with the normal.
The data are shown in Figure 4.6 and 4.7. The applied voltage was dc
or 60 Hz only. Polarized light was not used. The contrast ratios are
- - - substantially higher than in the transmitted light case and appear to
saturate. The absolute value of contrast ratio is a strong function of
the measuring technique and ratio definition. A direct comparison with
the transmitted light data is not appropriate The contrast ratio is
plotted as a function of thickness in Figure 4.8. Presumably the ratio
peaks at 6.3 or less micron thickness; spacing narrower than 6.3y are
difficult to attain.
•*
4.1.2 Perpendicular Configuration
Liquid drystal cells of the perpendicular type were studied
to optimize the cell parameters. A typical cell is shown in Figure 4.9.
The cell comprises chrome-copper electrodes on a glass substrate. The
chromium was used to insure good adhesion and was evaporated. A layer
« • .
of copper was also evaporated to about 5000 A thickness and copper layers
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of thickness 1/16, 1/8, 1/4, 1/2 and 1 mil were prepared by electroplating.
A channel was then etched in the conductor to achieve the geometry shown
in Figure 4.9. Channel widths of 10, 15, 17.5 and 20 mils were prepared.
The channels were carefully filled with Eastman's MBBA No. 11246 liquid
crystal by use of a microsyringe (Section 9) to prevent overflow and con-
sequent uncertainty in the optical path length. Figure 4.10 shows a typical
X" ""^
set of contrast vs voltage data. The data indicate that the contrast ratio
Increases as the frequency of the applied voltage decreases and as the ampli-
tuden increases. Figure 4.11 shows the variation of contrast ratio with
optical path length for a spacing on 10 mils. The curve peaks at 1/2 mil
but is rather flat. Figure 4.12 shows the variation of contrast ratio with
electric field, E. The contrast ratio appears to be approaching saturation
at 60 volts/mil.
The measurements indicate that for both configurations:
the optimal optical path length is 1/2 mil (1/4 mil for reflection)
the optimal operating frequency is dc to 60 cps
the field required for saturation is 40 to 60 volts/mil.
The contrast ratio measured in the parallel configuration is
significantly higher than in the perpendicular configuration.
4.2 Visibility
Line visibility depends on many subjective quantities as well as the
physical contrast ratio. Since the "physiological" contrast, the response
of the human observer, is difficult to define and hence hard to measure a
group of observers was assembled to achieve a rough measure of this
parameter.
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4.2.1 Multiple Line Geometry
The experiments with perpendicular configuration samples
indicated that lines only a few mils wide were not easily visible. Con-
sequently the multiple line pattern shown in Figure 4.13 was fabricated
and tested. This display comprises five four-mil-wide lines defining four
four-mil-wide spaces. This line was easily seen when activated.
4.2.2 Reflective Backing
The apparatus shown in Figure 4.14 was used to measure the
intensity of the light scattered off axis. The results are shown in
Figure 4.15. These data were taken on a parallel configuration cell.
The liquid crystal was Eastman's MBBA No. 11246 and the spacing was 12.7y.
The data show that most of the scattered light is confined to a 20° cone
about the incident light direction. Liquid crystals are forward scat-
terers; that is, most of the light is scattered through angles of less
than 90°.
A line containing liquid crystal in a turbulent state can be
distinguished from unactivated lines because it obscures the information
behind it or because it reflects light more effectively. In the former
case the conductive lines may be transparent and the visibility will depend
on the information content of the map under the selected line. In the
latter case a reflective backing need be used (since the liquid crystal is
a forward scatterer) and this backing will obscure part of the map even
when the line isn't selected.
An experiment was performed to determine how wide an opaque
line could be placed over a typical navigation map without destroying
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legibllity. A set of lines,4, 10, 20 and 40 mils wide were placed over a
map as shown in Figure 4.16. Opaque lines less than .40 mils wide appear
to be satisfactory. The reflective line has greater visibility than the
opaque line and a line 30 mils wide provides satisfactory visibility. Con-
sequently, designs have been based on the use of reflective lines.
4.2.3 Pulsed Operation
Physiological contrast is improved if a light source flashes
rather than remain constant. This contrast is a function of the flicker
frequency and is usually a maximum just below the fusion frequency at
which the flashing light appears to be continuous. The following test
was performed to verify the applicability of this theory to the display.
A liquid crystal cell was placed over a map and operated from
/
a pulsed voltage source. The pulse frequency was varied from 0 to 20
pulses-per-second. Several observers (Section 4.2) were asked to view
the map and indicate the flashing frequency which made the cell most
visible. The results, which are given in Figure 4.17 depend on whether
the observer knew the location of the flashing cell. The optimum repetition
rate when the observer knew the cell location was 2.5 Hz and when he did not
know the location was 7.5 Hz. In all cases the visibility of the flashing
display was greater than the constant display.
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SECTION 5
STABILITY
5.1 Objectives and Results
Tests were conducted to determine the lifetime of a liquid crystal
cell and to determine the electrode material most compatible with liquid
crystals. A number of cells were constructed from the materials, proposed
for use in the displays. These cells were subjected to continuous elec-
trical and mechanical stresses and their physical contrast ratio and
electrical resistance were measured. The test results clearly indicate
that ac voltages should be used and that bending vibration at normal
cabin ambients do not affect cell operation.
5.2 Electrical Stresses
Test cells were made in the parallel configuration. The electrode
spacing was 50.8u; the electrode materials were Nesa glass; Nesatron
glass, and thin layers of copper, aluminum and gold. The thin layers
were made by evaporation and were transparent. Data are reported for
Eastman's MBBA No. 11246, Liquid Crystal Industries room temperature
liquid crystal, Merck's Licristal IV and Vari-Light's VL462N. Two new
materials have been obtained, but too recently to report any data. These
are a 5 to 105°C nematic from Eastman and Merck's Licristal V.
Several cells of each type were subjected to 60 Hz, 40 volt excitation
and their physical contrast ratios were periodically measured. The data are
shown in Table 5.1. The earliest tests are on MBBA and Liquid Crystal Indus-
tries material since the other crystals did not become available until August<
•V,?-" »"
'«?•-• i#8£i - ^
. j. •*
Mi
Cu
8/6 *
9/27 ~
11/17 -
0 9/27
6>28 " 11/59/27 * Uf3
11/17 - 7/1v""- rv,»-^
11/17 -
6/28 -
9/27 -
11/17 -
22
52
39
(30)
59
(81)
(30)
91
39
(30)
2.09
1.96
2.30
3.26
2.21
3.35
2.*7
2.90 *.j*.A
11
29
(30)
50
39
(30)
1.99
1.65
2.61
1.90
2.28
2.07
2.01
2.26
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Material
Merck
Licristal
IV
;
 !
1
1 1 /''.
> !i
\ • ' ' • '
•\
i
Vari-
Light
Electrode
Al
Au
Cu
Nesa
Nesatron
Al
Au
Cu
Nesa
Nesatron
Running
8/4 -
9/27 -
8/4 -
9/27 -
8/6 -
9/27 -
8/4 -
9/27
8/4 -
9/27 -
8/4 -
9/27 -
8/4 -
9/27 -
8/6 -
8/4 -
9/27 -
8/4 -
9/27 -
Dates
-
10/8
11/5
11/5
10/8
8/17
9/8
Total
Days
(145)
(81)
93
39
91
11
(145)
(81)
(145)
(81)
(145)
(81)
13
(81)
33
(145)
(81)
(145)
(81)
C.R.
2.65
2.41
2.78
3.30
2.04
2.88
1.99
2.16
2.23
1.95
2.27
2.32
2.77
.4.05
2.23
1.95
2.41
2.05
1.78
Remarks
Electrode failed
Electrode failed
Electrode failed
Electrode failed
Electrode failed
( ) indicates sample is still operating
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The lifetime of the Merck and Vari-Light materials is longer than the
Eastman and Liquid Crystal Industries. Seven Vari-Light cells are still
functioning after an average of over 15 weeks of continuous operation.
Two other cells failed after 13 and 33 days due to defective electrodes.
The contrast ratio obtained from each of the liquid crystals is about
the same (Section 6); however, the contrast ratio obtained with gold elec-
trodes is significantly higher than that obtained with other electrode
materials (Table 5.2). The reason for this is the liquid crystal
molecules assume a preferred orientation with respect to the gold elec-
trode. The molecules line up with their optic axes perpendicular to the
substrate, whereas there is no preferred orientation with any of the other
electrode materials. •
A strong interaction was noted between the liquid crystal and the
copper electrodes. Over 70% of the life test samples made with copper
electrodes failed; the corresponding number for gold is 50% and for
aluminum is 22%. Similar results with copper have been noted in the
literature2. These data became available too late to influence the
design of the display models.
2
"Dielectric and Resistivity Measurements on Room Temperature Nematic
MBBA," F. Rondelez, D. Diquet and G. Durand, Mol. Cryst. and Liq. Cryst.,
Vol., 15, pp. 183-188 (1971).
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TABLE 5.2
AFFECT OF ELECTRODE MATERIAL ON CONTRAST RATIO
Electrode Material Contrast Ratio
Al 2.34
Au 3.18
Cu 2.43
Nesa 7 ' 2.34/
Nesatron 1.99
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Metallic electrode cells operated at 40 volts dc failed in short
periods of time and showed definite evidence of electrode corrosion.
Cells made with semitransparent electrodes of aluminum, copper and silver
failed within two days when operated at 40 volts dc. In each case the
anode material was completely stripped from the substrate. Cells made from
Nesa and Nesatron glass were also operated at 40 volts dc; these cells
failed after three days. The liquid crystal in these cells changed from
light yellow to brown as the cell aged. The resistance of the anode of
the Nesa glass cell was unchanged, but the cathode resistance increased
by a factor of 2 and the cathode was covered with a brown stain. The
resistance of the anode of the Nesatron glass cell increased by a factor
of 100; the cathode resistance increased by a factor of 10 and the cathode
was covered with a brown stain. The observed stripping of the anodes is due
to electrolytic action. The Nesa glass would be expected to be most
resistant to the deplating effect, the Nesatron glass less resistant
and the metals least resistant.
In the cells that failed the discolored liquid crystals appeared to
be isotropic. These data suggest that the transition temperature from
isotropic liquid to liquid crystal was lowered. To test this theory a
special cell was made and the transition temperature was measured as a
function of operating time. The interelectrode spacing of this cell was
19V, the electrode material was Nesa glass and the liquid crystal was
MBBA. The cell was operated at 20 dc volts with the results shown in
Figure 5.1. The transition temperature decreased in a linear fashion at
a rate of 3.4°C per day. Two additional tests on similar MBBA cells
showed 8 and 27°C per day rates-of-change in the transition temperature.
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5.3 Mechanical Stress
Ultrasonic vibration is known to affect the operation of liquid
i
crystals. Since the display device will be subjected to vibration in
its normal environments, tests were performed to determine if these
vibrations would adversely affect the liquid crystal display. Parallel
configuration cells were made and an electrically driven vibrator was
constructed. The cell was situated on top of a strip which was set into
a bending vibrational mode. The interelectrode spacing of the cell was
50.8y, the electrodes were evaporated silver and the operating voltage
was 20 volts ac. The cells were vibrated for six hours at 56 Hz and six
hours at 250 Hz. The amplitude at 56 Hz was 0.16 inch peak to peak and
at 250 Hz was 0.12 inch peak to peak. If the vibration is harmonic this
corresponds to 2.5g at 56 Hz and 40g at 250 Hz. The military specifi-
cation for vibration in aircraft is given in Table 5.3. The severity
of both tests substantially exceeded the specification. No change was
observed in the physical contrast ratio during the tests.
TABLE 5.3
MILITARY SPECIFICATIONS FOR VIBRATIONS IN AIRCRAFT
Frequency Range (Hz) Amplitude
5 to 10 0.08 inch peak to peak
10 to 14 0.042g
14 to 60 0.036 inch peak to peak
60 to 500 ±10g
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SECTION 6
BASIC PROPERTIES OF LIQUID CRYSTALS
6.1 Introduction
Several studies were made relating to the basic properties-of liquid
crystals. The results of these studies are presented in the following
sections. The results of the first study (Section 6.2) served to increase
-our confidence in the existing theories. The results of the second and
third studies (Sections 6.3 and 6.4) appear to have practical application
in device design and material selection. The results of the fourth study
are primarily of interest in basic studies of the scattering mechanism.
6.2 Verification of Heilmeier's Theory of Electrohydrodynamic Instability
/'
Heilmeier has proposed a simple model to predict the threshold of
instability in a conducting fluid. He notes that instability should occur
if the fluid velocity due to space charge and electric field exceeds the
drift velocity of the ions in the conducting fluid. He proposed the
following relation:
.K " ~th ee0
where V . is the threshold voltage for instability
n is the viscosity of the fluid
y is the ion mobility
e is the dielectric constant
and GO is the permittivity of free space
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The product nw (Walden's constant) does not vary substantially from
material to material. The validity of the relationship was tested by
measuring the dielectric constant and threshold voltage of a MBBA liquid
crystal sample 50. 8y thick. Large changes were induced in the dielectric
constant of the liquid crystal by aging the material in a 15 volt dc field.
The data obtained are shown in Figure 6.1. The linear variation observed
is consistent with Heilmeier's model. A more detailed account of this work
--has been submitted to Applied Physics Letters. A copy of this manuscript
is contained in Appendix E. -
6.3 The Effect of Shear on Contrast Ratio
Some theoretical models for dynamic scattering in liquid crystals are
based on the premise that turbulence is caused by shear stresses generated
'by ions in transit in the liquid. Experiments were performed to determine
if externally applied shear stresses would induce a turbulent state in a
liquid crystal. A sandwich cell comprising Nesa electrodes, 50.8 spacers
and MBBA liquid crystal was subjected to large shear strains. The strain
was achieved by moving the top plate relative to the bottom plate by hand
at a frequency of about 2 Hz. The results are shown in Table 6.10 The
contrast ratio is defined as:
r R detector voltage (V ° 0)
*elec, driven light detector voltage (V = 40v)
and
" •
 ;
 .
C R •• **gnt detector voltage (shear " 0)
*not elec. driven" light detector voltage (shear ^ 0)
The shear effects are rather large and could interfere with the operation
of the displays; the displays should be designed to eliminate large shear
strains.
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TABLE 6.1
Electrically
Driven (40 Volts)
Not Electrically
Driven
1
No shear 2.08
\ '' ' ' ' ' ' '
Low amplitude
shear -1/4" movement
each way
1.00
1.68
Large amplitude
shear -1" movement
each way
1.29 2.50
-26-
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6.4 Birefringence of Liquid Crystals
The contrast ratio obtainable in a nematic liquid crystal device is
primarily dependent on the optical anisotropy of the liquid crystal. The
best measure of this anisotropy is the birefringence, that is, the dif-
ference in the two indices of refraction,4I\ of the uniaxial liquid crystal.
When the liquid crystal is in a turbulent state, an incoming light ray
encounters regions of different molecular orientation and consequently is
scattered. The amount of scattering is directly proportional to the
birefringence. Consequently, the contrast potential of various liquid
crystal materials can be determined independent of the cell geometry
provided the birefringence can be measured.
The wedge technique of Chatelain was used to measure the birefringence
of the available liquid crystal materials. A laser beam was directed through
a wedge of liquid crystal material (Figure 6.2) and the deviation of the two
emerging beams was measured. The liquid crystal was oriented by applying
a magnetic field of 3,000 gauss. The birefringence is determined from the
deviation as indicated on Figure 6.2. Birefringence data for these materials
are shown in Figure 6.3 as a function of temperature. The Merck IV material
has the largest birefringence at room temperature and the variation from
material to material is less than 30%. These data are consistent with con-
trast data taken on operational cells which show only small dependence of
contrast on material. The decrease in birefringence with temperature is
significant since it predicts the device contrast will decrease with
increasing temperature and the device may become inoperable well before the
transition temperature is reached.
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6.4 Noise Measurements in Nematic _Liqjuid Crystals
Noise measurements were made to gain a better understanding of the
/
electronic transport mechanism and dynamic scattering process in liquid
crystals. The results of this study were reported in a paper to be
published in Molecular Crystals and Liquid Crystals. A copy of this
paper is included in Appendix F.
-28-
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SECTION 7
DESIGN CONFIGURATIONS ,\ i '._--.___
7.1 System Design
Although the scope of the present program does not specifically include
the electronicst consideration must be given to the overall system to pre-
clude the design of an impractical display.
Systems oriented considerations include voltage and power requirements
and electronic interconnection requirements. Because of the high impedance
of the liquid crystal cell, power requirements are minimal and present no
problem.
To minimize the cost of the electronics the display should be voltage
compatible with standard digital logic integrated circuits. Since most
liquid crystal cells operate at voltages substantially greater than
available logic levels designs should be used which minimize voltage
requirements.
The display may contain over 100 radial lines. This presents a
problem since use of a 100-pin connector is expensive. The use of an
expensive connector can be avoided by encoding the selection signals in
the off-display electronics and decoding the address on the display.
Only seven signal lines are required to address 128 radial line pairs if
the decoding is done on the display. If allowance is made for ground and
voltage leads an economical ten or twelve pin connector would be adequate.
Consequently, the need to include logic circuitry on the display should be
considered in the display design.
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To be practical the display must be inexpensive and acceptable to
the ultimate user. The avoidance of expensive components or processes
must be a prime consideration in the design. An acceptable system might
comprise a rigid work board 16-by-20 inches in size on which are mounted
two radial display devices of nine inch diameter. The mounting would con-
sist of two jointed arms each attached at one end to the center of a
radial display and at the other to the work board. The user would slide
the folded map under the radial displays and position the radial displays
over the appropriate VOR stations. The electrical connections would be
carried through the jointed arms to the next level of electronics mounted
on the work board. A small light mounted on the board would guarantee a
minimum light level. The radial displays need be large enough to span
the VOR station locations; the optimum diameter has not been determined,
but it should not exceed nine inches.
7.2 Packaging
The details of the packaging problem depend on the configuration used
for the liquid crystal cell. For either configuration a top layer is
required to confine the liquid crystal and preferably to make a hermetically
sealed enclosure. For both configurations a practical method for adding
the liquid crystal must be devised.
In the parallel case the top layer must be transparent and electrically
conductive. This requirement limits the possible materials to Nesa or
Nesatron glass, gold coated glass or gold coated plastic. Only the latter
material is flexible and if tests show that it is not stable, only a rigid
display may be feasible in this configuration.
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In the perpendicular case the top layer must be transparent and
electrically insulating. This requirement is met by a large number of
materials. The critical spacing is between the electrodes and this
dimension is fixed in the relatively controlable etching process. Con-
sequently the perpendicular configuration appears to be more practical
fpr low-cost, high-volume production. . i
\. \, • '- . • • .
•I In either configuration a hyperdermic needle may be used to add
the'liquid crystal after assembly. However, this method does not appear
to be a practical approach for a production process. If the liquid crystal
is added before the top layer, care must be exercised not to contaminate
the sealing surface or to trap air bubbles. Although these problems are
formidable, the latter insertion method appears to have the greater promise
- for apractical production process.
7.3 Geometric Design
7.3.1 Perpendicular Configuration , ;
The test results suggest that the physical contrast ratio
--obtainable with the perpendicular configuration is not as good as that
obtained for the parallel configuration. The packaging of the perpen-
dicular configuration appears to be simpler in that the top cover need
not be conductive and the electrode spacing does not depend on the cover.
If a usable conductive, flexible, transparent cover cannot be found for
use in the parallel configuration, then the perpendicular configuration
may be the only way of achieving a flexible display.
The disadvantages of the perpendicular configuration are the
high voltage required for operation and the low contrast. The high vol-
tage requirement is due to the wider electrode spacing required in this
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configuration. A typical spacing for the parallel configuration is
one-half mil. Spacing in the perpendicular case is limited by fabri-
cation processes and visibility considerations. The fabrication limit
on electrode spacing depends on the thickness of the conductor which,
in this case, is also the optical path length. The optimum optical path
length is 1/2 mil and this sets the minimum line spacing at one mil; a
more practical limit is 2 mils. Four times the voltage needed to operate
a parallel cell would be required to operate a comparable perpendicular
cell.
The visibility limitation is demonstrated in Figure 7.1. Sets of
parallel lines have been placed over the map to simulate a display. The
line widths are 4 mils in all cases and the line separations are 5, 10,
20 and 40 mils. None of the line pairs interfere with the legibility of
the map; however, it is clear that if liquid crystal contained between
the five-mil spaced lines were activated the line would not be highly
visible. Five mil spacing requires a few hundred volts of applied poten-
tial for operation. Lines with wider spacing require proportionally higher
voltages and are impractical.
7.3.2 Parallel Configuration
The advantages of the parallel configuration are that narrow
interelectrode spacing and relatively wide lines are easily attained. The
narrow spacing allows the use of relatively low voltage compared to that
required in a practical perpendicular geometry. The wide lines provide
high visibility without the use of the high resolution patterns which are
required in the perpendicular configuration.
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The disadvantages of the parallel configuration are in
fabrication and in the need for a transparent, electrically conductive
top cover. The fabrication problem is in sealing and maintaining proper
spacing between the electrodes. Experimental parallel configuration models
are actually easier to make than the perpendicular configuration models;
however, greater difficulties are anticipated in production.
• . . ' . ' . . - . • " . ' " -33-. . . - . - . . . - : • • • • • • . :
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SECTION 8
PULL SCALE DISPLAY MODEL .
1 i •
8*1 General Description ^
Two full scale display models were designed: one in the parallel and
. - ! ' '
one in!the perpendicular configuration. The displays (Figure 8.1) are nine
inches in active area and have ten lines spaced 10° apart in the first
1
quadrant and one or more lines in the other quadrant*. The units are
intended to have reflective backing behind the lines,and scalable covers.
8 . 2 Perpendicular Configuration . ' . , ' • •
The perpendicular configuration incorporates a multisegment line and
is shown in Figure 8.2. The segments are two mils wide and define 4 two-
mil-wide spaces. Additional 3 mil wide copper strips are located on
either side of the segments. These strips are used for sealing and to
carry the electrical signal. The base is Kapton 2 mils thick and the
copper is 1/2 oz. The cover consists of a 3 mil thick nylon base clad
with 3 mils of copper. The copper is etched to match the pattern of 3
mil wide lines on the lower segment. In assembly the liquid crystal would
be placed (Section 9) in the spaces between the two-mil-wide electrodes.
A bead of adhesive would be placed along the outside edges of the three
mil wide lines and the cover would be pressed in place. Electrical con-
tact would be made to the protruding 1/4 inch extensions to the 3 mil wide
lines. In an operating model (including electronics) these extensions
would be on the inner ends of the lines. Two mil wide spaces were chosen
as a compromise between manufacturability and voltage requirements. No
adhesive layer is permitted between the Kapton and copper as this might
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contaminate the liquid crystal. Adhesivea may be used on the cover since
the adhesive areas should not be in contact with the liquid crystal. The
cover has more than two mils of clearance above the[liquid crystal and is
relatively rigid. It should not touch the liquid crystal when the display
is flexed. The reflective backing is located on the bottom of the Kapton
base under the line segments. A photograph of the display is shown in
Figure 8.3.
8..3 ..Parallel Configuration
_A cross section of parallel configuration line is shown in Figure 8.4.
The starting material is 2 mil copper on 1/2 mil Kapton. Adhesive may not
be used. The Kapton is etched to form the 15 mil wide line and the exposed
copper is electroplated with nickle or chromium to form a highly reflective
surface. The copper is then etched to form 30 mil wide lines. The. cover
consists of 30 mil wide strips of conductive coated, transparent, flexible
—plastic. These are placed over the copper lines after the cavity has been
filled with liquid crystal. A bead of adhesive along the outside edge of
the cover seals the system.
• .
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— ' SECTION 9
FABRICATION OF DISPLAY MODELS
9.1 General Description .
The display models were fabricated by Towne Laboratories of Somerville,
New Jersey; the size was too large for the equipment available at Drexel.
The only potentially difficult operation was the etching of the Kapton and
a suitable process was developed at Drexel with much advise and help from
the suppliers. The Kapton etching procedure is described in Appendix G.
9.2 Insertion of Liquid Crystals '
One of the early problems in this program was the insertion of the
liquid crystal into the narrow lines. If the lines are filled until they
overflow, the contrast ratio is observed to decrease and the liquid crystal
contaminates the sealing areas. The liquid crystals are now inserted by
using a one microliter capacity syringe fitted with a dispenser which
releases 1/50 of the syringe capacity each time it is operated. This
device is mounted on a projected microscope so that the filling operation
can be observed at 40 power. Use of this equipment allows close, control
of the filling operation and has essentially solved this problem.
9*3 Cleaning Procedure
The cleaning cycle has been improved.and modified. All work is now
. ' •" ' \
being done under a hood and particular care is taken to clean the cells as
well as possible without leaving any chemical residue which might interact
with the liquid crystal. ...
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A typical cycle is: :
1. Freon T-p35 solvent is sprayed on the cell with a MS-226 Cobra
extension nozzle. The nozzle makes it possible to pin-point a fine stream
of the solvent onto the cell pattern in order to clean away dust and dirt.
Freon T-p35 solvent is a blend of Freon TF and isopropyl alcohol.
' • ! | . • . : •
! , 2. Next the cell is scrubbed with a foam swab soaked with isopropyl
alcohol. The foam swab is made by Texwipe and is totally lint-free for
non-contaminative cleaning. ,
: I • ' ' ' ' . '
3. The cell is sprayed again with Freon T-p35 and transferred to
• . \
a degreaser filled with isopropyl alcohol.
4. A can of MS-220 clean air is used after the cleaning cycle for
drying the cell*
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. : ' . - • - ' SECTION 1 0
EVALUATION OF DISPLAY MODELS
A number of problems have been encountered with the display models;
some are due to poor technique and others are fundamental.
• In the fundamental class is the sealing of the cover to the parallel
configuration display. When the cover is placed on the display, capillary
1
 \t ' ' . •- ,
forces draw the liquid crystal material out from the channel and they
contaminate the seal area (as well as deplete the channel). The approach
being tried to circumvent this problem is to freeze the liquid crystal
after it is inserted and to seal the cover in place while the crystal is
frozen. On thawing the crystal may "wick-out" to the sealing material,
but the contact will be over a minimal area and some of the newer silicons
apparently do not interact with the crystal material.
Another fundamental problem is the "puckering* of the Kapton in the
parallel configuration case. This "puckering" is apparently due to
stresses in the copper and can presumably be eliminated by obtaining a
stress free copper.
In the poor technique class is the residue left on the bottom of the
Kapton channel. This is due to the repolymerization of the Kapton after
etching and can be controled by proper etching technique. Other problems
include shorts in the perpendicular configuration lines, nodules on the
perpendicular lines which cause premature voltage breakdown and some
peeling of the etched copper lines. All of these problems can be solved
by use of proper techniques.
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„-—" SECTION 11
DEMONSTRATION MODEL
A demonstration model comprising anon-operating, full-size
I -
perpendicular configuration display and a fully operational, sealed,
perpendicular-configuration (4 inches long) line will be submitted to
NASA in February 1972. The problems with Kapton residue, puckering and
sealing, prevent the submission of a parallel configuration display.
-'"~ SECTION 12
CONCLUSIONS
Significant progress has been made toward the development of a
practical liquid crystal display system for use in air navigation.
Sufficient data have been generated and materials obtained to fabri-
cate a full-scale device of at least marginal quality at this time.
Several techniques for fabricating substantially improved devices are
being evaluated under the continuation grant. Areas requiring improve-
ment include contrast and operating voltage. Both appear to depend on
the purity of the liquid crystal. Contrast depends, in addition, on
the materials and methods of fabrication.
Sufficient progress has been made to make it desirable to incorporate
/ .
the electronic design limitations into the system design; this is presently
being done under the continuation grant. .
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APPENDIX A
Personnel Assigned to Program
. | JName .
T. J. Matcovich
P. Herczfeld
A. Lord
J. Wargin
Pr Wargocky
W. DaCosta
Z. Turski
title
Professor
Assoc. Professor
Assoc. Professor
Research Assistant
Research Assistant
Research Assistant
Research Assistant
,,Praction of Time
'Academic Year
11/8
1/8
1/8
**1
1
1
***
Part Time
Summer
1/14
1/4
1/2
1
1
1
0
**
Principal Investigator
2/3 Time in Winter and Spring Quarters
Winter and Spring Quarters Only
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APPENDIX B
SEMINARS AND CONFERENCES
Seminars at Drexel University
"Effect on Electrical and Optical Properties of Field Induced Orientation
In Nematlc and Cholesteric Liquid Crystals"
Or. Alan Sussman
RCA Princeton Laboratories
May 12, 1971 - Stratton Hall
"Some Recent Advances in Liquid Crystals"
Dr. James E. Adams
Xerox Corporation, Rochester, New York
June 2, 1971 - Stratton Hall
/
' . '-
Conferences
1970 IEEE Conference on Display Devices, December 2-3, 1970, New York,
New York.
Attended by Dr. P. Herczfeld
Georgetown Liquid Crystal Symposium, May 2, 1971, Washington, D.C.
Attended by Dr. A. Lord
1971 SID Conference, May 4-6, 1971, Philadelphia, Pennsylvania
Attended by Dr. T. J. Matcovlch
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APPENDIX C
Commercially Available Room Temperature Nematics
Eastman Organic Chemicals
Rochester, New York
Liquid Crystal Industries
460 Brown Avenue
Turtle Creek, Pennsylvania
Vari-Light Corporation
9770 Cronklin Road
Cincinnati, Ohio
EM Laboratories
500 Executive Avenue
Elmsford, New York
10 - 41°C MBBA No. 11246
5 - 105°C *MBBA No. 11643
18 - 80°C
10 - 47°C
16 - 60°C
-5 - 75°C
Nematic Liquid Crystal
VL 462N
Merck, Licristal IV
*Merck Licristal V
*newly available materials
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APPENDIX D
PARTIAL LIST OF SUPPLIES
Photoresists, Developer:
Shipley Company, Inc. - Newton, Massachusetts
Al Etchant:
• Transene Company - Rowley, Massachusetts
\ : - '
Cu Plating bath:
\\Sel - Rex Company, Meaker Division - Nut ley, New Jersey
Cu Etchant:
MacDermid, Inc. - Waterbury, Connecticut
Filters for Resist:
Millipore Corporation - Bedford Massachusetts
Adhesive/Sealant
Dow Corning Corporation - Midland, Michigan
Masks, Etching of Cu-slides, Etching of Prototypes:
Towne Laboratories Inc. - Somerville, New Jersey
Cleaning Detergent:
Ultrasonic Industries - Hicksville, Long Island, New York
Syringes, Dispenser
Hamilton Company - Whittier, California
Foam Swabs
Texwipe Company - Hilldale, New Jersey
Freon and Cleaners
Miller-Stephenson Chemical Company, Dansbury, Connecticut
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APPENDIX E
VARIATION OF DC DOMAIN THRESHOLD IN A NEMATIC LIQUID,
CRYSTAL DUE TO CHANGES IN DIELECTRIC CONSTANT
A copy of this paper is presented in the following pages. This
^
paper has been submitted for publication to Applied Physics Letters.
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APPENDIX F
NOISE MEASUREMENTS IN NEMATIC LIQUID CRYSTALS
A copy of this paper is presented in the following pages. This
paper has been accepted for publication in Molecular Crystals and
Liquid Crystals.
VARIATION OF DC DOMAIN THRESHOLD IN A NEMATIC LIQUID
CRYSTAL DUE TO CHANGES IN DIELECTRIC CONSTANT*
by
F.E. Wargocki and A.E. Lord, Jr
Physics Department
Drexel University
Philadelphia, Pennsylvania 19104
*This work supported by the National Aeronatutics and Space Administration
under NASA Grant NCR 39-004-038
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Changes have been observed in several properties of nematic liquid
crystals during continual dynamic scattering under DC fields (henceforth
called aging). With time, a significant change in nematic-isotropic
transition temperature, conductivity and dielectric constant can be
Induced under relatively small DC voltages. Several 50.6pm thick sandwich
cells of MBBA with NESA electrodes have been run under 15 volt DC voltages
-and the threshold voltage (DC) for domain formation, cell capacitance and
conductivity measured against cell age. The results for a representative
cell are seen in Figure 1, which is a plot of threshold voltage vs C"1,
where C is the cell capacitance measured at 1 KHz, perpendicular to an
orienting magnetic field of 5 KG. A similar plot is obtained with the
capacitance measured parallel to the orienting field. The point laying
off the straight line represents data taken on the cell before aging, and
this behavior is reproducible among our cells, but is yet unexplained.
DeGennes1 has recently proposed a model for the cellular motion in
nematics which combined the effects of convective flow due to strong
unipolar charge injection (the Felici instability2), dielectric relaxation,
elastic restoring torque, and conduction induced torque (the Carr-Helfrich
effect3). His result is that the voltage at which cellular flow begins,
V is given by\i - . . - . .
V A V2
c
-
 C
V V + V2i C 0
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where
2V . 16TT2 - -
ee0
A -
4o
14- *1
and ^
Vg is a constant, typically a few volts
y is the average mobility of the injected carriers
n is an average viscosity
•y. is a shear-torque coefficient . . _ ......
e is the dielectric constant
E « ei - e i i , the dielectric anisotropy
o is the conductivity
a "Oi - a i i , the conductivity anisotropy.
V. is the threshold voltage for cellular currents due to the Felici
instability alone and calculated by Atten and Moreau1* for the case of strong
unipolar injection. When X > 1 the threshold is dominated by the Carr-Helfrich
effect; when X < 1 this effect is diminished and the threshold is dominated by
the Felici instability.
The measured average conductivity of our material was 3 x KT^ fl-cm)"1
and the average conductivity anisotropy was 1.1 x lO'^ Cfi'Cm)"1. The average
-3-
dielectric anisotropy was 0.8. Using deGennes' value of Yj/n - 2.5 for
MBBA5, we can calculate X '« 0.35. Due to variations in the conductivity
and anisotropy during aging, X varied by about 50%.< The above test, then,
was conducted in the range X < 1, where the Felici instability can be
expected to dominate and the threshold should vary linearly with e"1. Our
results confirm this.
^ •
Heilmeier6 has proposed a simplified electrohydrodynamic treatment of
threshold effects in nematic liquids in which he predicts instability if the
drift velocity of an ion in transit exceeds the fluid velocity of the
medium, that is, if the counterflow of the fluid is unable to keep up with
ion flow. He gives the threshold as
ee0
using the above notation. He too, predicts the V - e"1 behavior that we
have observed.
A least ;squares fit to the data of Figure 1 gives a slope of
4.97 x 10~9 V«F, and considering cell geometry (12 cm2 by 50.6pm), this
yields a value
|in - 2.1 x io~10 Coul'nT1
which is near the value of 1.2-3 * 10~10 which Heilmeier gives for PAA7.
This quantity is known as Walden's constant and for a given electrolyte
it varies little for various solvents8. Using a value r\ » 5.6* 10"2kg/m»s
-4-
for MBBA9, we obtain a mobility u • 3.74 x 10~9 m2/v«s which agrees with a
measured value of 10~9 m2/v«s10.
There is a functional similarity between Heilmeier's result and At ten
and Moreau's expression for V., however they differ by the factor 16ir2, a
factor we have not been able to reconcile as yet*.
1
 ' t..
1 : Our results help confirm the general ideas of deGennes and Heilmeier
concerning the electrohydrodynamic instability. It also appears that the
aging treatment approach will allow a direct determination of Ualden's
-constant which, in turn, allows a determination of either the viscosity
or mobility value if the other one is known. If both are known it serves
as an independent verification.
S^chneider and Watson11 have made a similar calculation of threshold
voltage for charge injection induced cellular flow in dielectric liquids
and they give
V > 99-H2-
- •' •
 ee
° ••• ../-'. • •' •"•'
so that, in general, these models produce a threshold
where R is a criterion of stability analogous to the Rayleigh number in
hydrodynamics.
-5-
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Abstract
Experimental results of noise measurements in neroatic liquid
crystals are presented. The current noise spectra suggest the presence
of generation-recombination and diffusion processes fm liquid crystal
sandwiches. The fluctuation of the photon field, wh£eh was transmitted
through a liquid crystal sample, was also measured.
Introduction
Transport phenomena and electronic and scattering processes in
solid and liquid state materials and devices can be sstoadied in a very
12
meaningful way by fluctuation theory and noise measurements ' . It
has been found by many authors that carrier fluctuatfam, for example
in semiconductors, reflect the nature of the fundamental electronic
processes and carrier transport present in these crystals. The theory
concerns itself with the instantaneous fluctuations in the free carrier
densities (n,p), which are related to the voltage and current fluctuation
measurements. . '•' ; .'.-. • . ' ".- ''..• .- • . . • - • - • / • " '. •'. '• •/'•
The analysis consists of the comparison of the theoretical and
experimental curves. The shape of the noise spectra is especially
Indicative of the fundamental processes involved in the solid. In
particular, the theory predicts the high frequency liiait of the cur-
rent noise spectra in solids; some of the representative samples are
listed below together with their characteristic high frequency
i ' . • . . . " ' . ' • • - - .
dependence: - .
,:. 1) generation-recombination (g-r) noise to
''• ; • • • ' ' - ' ' " • • • • ' '••• - - • -3/2
; ii) diffusion noise w
'' • • . . ' - ' • ' • '"•'• •" "•- -22ill) drift noise , w sin COT
where to is the angular frequency,T is bulk recombination lifetime,
and T is the drift or transit time.
This paper presents results of experimental noise measurements in
nematic liquid crystals. The purpose of these experiments was to gain
a better understanding of the electronic transport mechanism and dynamic
scattering process in liquid crystals. We were particularly interested
in determining if any correlation existed between the current noise in
the liquid crystal sandwich and the fluctuation in the transmitted
photon field.
'"'' • ' ' : ' ' ' . . - - . ' •'''• ' ' .
 :
' ' S - ' „.• ' . - • • ' - 'w : '•'• ' ' . - . . ' • . : . • '...' ' ' -:': . „'••
Experimental Setup •••.- •.-..';'
The block diagram of the experimental apparatus is shoTra in Fig. 1.
The liquid crystal sample consisted of two transparent electrodes separated
by a six micron mylar spacer. A circular hole of 1/2 CEI in diameter was
cut into the spacer material, and.the hole was filled with liquid crystal
(Merk IV) having a resistivity of. 8.x 109 ohm-cm.. ;The light, from a
• • - ' - , - ' ' . . ' ' " ' - - •
tungsten filament lamp, was focused on the liquid crystal, and the
non-active area was shielded from the light by an aperture. This
arrangement assured that (i) all the transmitted light pass through
the sample and (ii) the entire sample was illuminated uniformly. The
detector was. mounted above the crystal at an angle 9 with respect to
the normal, however all the results presented here were made with 9=0.
' '\ The liquid crystal was driven by dry batteries, and it showed
•-'•} - •- ' .- -. - '• ' > • - -: • - :" ' •' '•
excellent ohmic behavior. The light source was also powered by batteries
to minimize the fluctuations in the incident photon field. The trans-
mitted light was detected by a solid state photodetector having a very
low noise characteristic and a linear time response, up to several MHz.
The noise measuring apparatus consisted of a low noise PAR 113 preampli-
fier, a PAR 110 tuned amplifier and a square-law detector.
Measurements and Results
First, the noise spectra of the liquid crystal current fluctuations
(AI) were measured at several bias voltages and plotted in relative units
(Figs. 2a, b, and c) . Following these, the power spectra of the trans-
mitted photon field fluctuations (A-J) » as detected by the photodetector,
were measured at the same bias voltages, Figs. 3a and b. It is important
to note that for all these measurements the noise was much above the back-
ground noise. The background noise is defined as the measured noise with
zero bias voltage across the liquid crystal samole; and it includes
the incident photon field fluctuation (white noise), the detector noise
and noise of the entire measuring apparatus. Finally, the noise power
of the crystal current noise (AI) and photon fluctuations (AJ) were
measured as a function of applied potential at several frequencies ' (Fig. 4) .
At low'Ijias voltages, before dynamic scattering sets in, the current
noise spectrum has an u slope and a low frequency turnover (Fig. 2a).
This kind of noise spectra, in solids, is usually associated with the
23
composite of generation-recombination (g-r) and diffusion processes * .
At 10 volts considerable dynamic scattering is observed. The spectrum
2 2 —1has an (1 + u T ) dependence below 100 Hz, suggesting pure g-r processes
—3/2(Fig. 2b>. Above 100 Hz diffusion dominates ( eu ' slope). At 20 volts
very strong scattering takes place; the low frequency spectra has a slope
-5/2 -3
somewhere between u and o> (Fig. 2c) which, we believe, has not been
observed In solids. Once again the high frequency limit indicates dif-
fusion. The relaxation time, T, can be calculated from the turnovers;
its approximate value is 100 milliseconds.
The power spectra of the photon fluctuations drops off very rapidly,
-5/2its slope is steeper than 01 (Fig. 3). This kind of spectrum, which is
i
definitely the result of the interaction of the photons with the liquid
crystal, has not been observed in the literature.
The noise power of the current fluctuation and transmitted photon
fluctuations as a function of the bias potential are plotted, in normal-
ized units, on Fig. 4. The current noise increases sharply with increasing
potential, and the photon fluctuation seens to follow the Increase of
the current fluctuations up to 15 volts, showing certain correlation.
However, the photon fluctuations, at 1 Hz and 10 Hz seem, to decrease
above 15 volts, i.e., when dynamic scattering becomes very pronounced.
It should be noted that the transmitted d. c. light intensity, as detected
by the photodetector , was maintained constant at all times by adjusting
the incident light intensity. This adjustment compensated for the possible
decrease of the transmitted light intensity caused by the angular distribu-
tion of the light scattering which is of course a function of the bias
voltage. The angular orientation (9 =f 0) seemed to have no appreciable
effect on the results. —: -.w-r---
Experimental and theoretical work on the subject is being continued.
The authors wish to acknowledge the help of Mr. W. DaCosta and Mr. S. Turski
in the preparation of the samples.
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Figure 1. Block diagram of experimental set up. The incident light is
normal to i:hA sample.
Figure 2. Spectral density of current noise in the nematic liquid
crystal sample at several hias voltages: a - 5 volts,
b - 10 volts, c - 20 volts.
Figure 3. Spectral density of photon fluctuations transmitted through
' the liquid crystal with : a - 10 volts, b - 20 volts,
/ bias voltage on the sample.
Figure 4. Noise power of current fluctuations and photon fluctuations
per unit bandwidth in relative units. Curves a, b, and c
correspond to the variance of the current fluctuations at
1 Hz, 10 Hz, and 100 Hz respectively. Curves d, e, and f
correspond to the variance of the normalized photon fluctu-
ations at 1 Hz, 10 Hz, and 100 Hz respectively.
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, APPENDIX G
. KAPTON ETCHING
A narrow channel must be etched in Kapton to fabricate the parallel
configuration model described in Section 8. The following procedure was
developed in cooperation with a number of suppliers.
A channel to be etched was masked by photoresist. A strong bond
between photoresist and Kapton was essential because of the high strength
of the etchant. Two layers of KMER were used and, with the cycle des-
cribed below, the pin-hole density was small. \
' H :' - / '. '•• '. - . • .'- . ;
KMER Cycle:
-1. Clean '
2. Bake: 1 hour at 200°C
3.; Mix KMER: 70% vol. -resist
1
 • 30% vol. - thinner
ij :' and apply with the photoresist spinner slide stationary.
- 4j.f! Spin at 4000 rpm
5.J. Prebake at 80° C for 1/2 hour
&JI Expose
7. Develop according to a procedure described by Westinghouse:
/ (a) Spray with KMER developer for 30 seconds—air
.; pressure 40 Ib., distance 4 in.
i (b) Spray rinse with 80% isopropyl alcohol
•
i>
 20% KMER thinner for 15 seconds and blow dry
8. Post-bake 1 hour at 150°C min.
To obtain two layers of KMER, repeat points 3, 4, 5 after prebaking the
first layer.
i : • • ' . -
i "The KMER resist comes off very easily with CB-XNT stripper made by
Allied!Chemical Corporation, Specialty Chemicals Division, Morristown,
New Jersey. :
-50-
The etchant used was: 50% vol. NaOH pellets
50% vol. distilled water.
At a temperature between 100°C and 110°C the etching rate was approximately
1 mil/min: the temperature was very critical. After etching the sample
-should not be allowed to dry. Following the etching, spray the sample with
.water at room temperature and high pressure for five minutes. Then put the
-sample into a mild solution of HC1 or other acid.
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